The electrospinning process of Poly-L-lactide (PLA) solutions using liquid reservoir collectors was studied. As collector liquids, distilled water and sodium chloride solutions of different concentrations were used. A new, non-linear correlation of the fiber diameter and the filling of the collector was found. It was also proved, that the electrical conductivity of the substrate has a strong influence on the electrospinning process and the nanofibers obtained therein, both in diameter and in morphology.
Introduction
Electrospinning has gained increasingly widespread use as a technique for the preparation of nanofibers [1] . Electrospinning is observed when a high electrical field is applied to a polymer solution or polymers melt. The common electrospinning setup consists of a syringe equipped with a metal needle and a counter electrode. Under the influence of the electrical field, the droplet at the end of the syringe is deformed and finally generates a jet of liquid to remove electrical charges from the droplet. This jet is elongated by whipping action and ultrathin fibers are formed by solvent evaporation/solidification of the melt or solution into ultrathin fibers. These fibers are collected at the counter electrode of the electrospinning setup. A variety of parameters, like solution viscosity, electrical conductivity of the solution, polarity, surface tension and many more affect the formation of the fibers and the electrospinning process. Due to this multitude of parameters, it is very difficult to understand the electrospinning process comprehensively, although some versatile models have been suggested [2, 3] . In the electrospinning process usually a solid collector is used as counter electrode to collect the fibers [4, 5] . In recent times, a new kind of collector has come into use; the electrospun nanofibers are collected in a liquid or on the surface of a liquid substrate. The reasons for the use of such a liquid reservoir collector are diverse. Smith et al. used a liquid reservoir collector to obtain continuous yarns of electrospun fibers [6] . They used a liquid surface as collector, because the fibers could be easily extracted from it. Linhardt et al. used an ethanolbath for the electrospinning of a polymer solution in an ionic liquid [7] . They extracted the ionic liquid from the fiber jets in the bath to obtain otherwise inaccessible fibers. In a similar way, Reneker et al. were able to obtain electrospun nanofibers made from polyaramides [8] . The polyaramides were dissolved in sulphuric acid and the solutions were electrospun into a coagulation bath filled with water to remove the sulphuric acid. These examples show the versatility of a liquid reservoir collector. Kim et al. reported , that the diameter and the porosity of PLA fibers change, depending on the substrate on which they were spun [9] . It was found, that the fibers were more porous and have a larger diameter, when they were spun on a water collector.
The goal of this contribution is to report, how the use of a liquid reservoir collector influences the electrospinning process of PLA and to provide a better insight into the role of the substrate in the electrospinning process. The use of a liquid reservoir as collector offers the unique opportunity of precise control of the dielectrical behavior which is relatively complex with solid collectors. Due to its special abilities, the use of a liquid reservoir collector will experience wider spreading in the near future, as it shows some advantages over the common metal plate collectors, and so it is necessary to further investigate the influence, that such an uncommon collector has on the electrospinning process.
Results and discussion
The use of a liquid reservoir collector influences the formed fibers in different ways. When distilled water is used as collector liquid, the average fiber diameter increases in comparison to the diameter of fibers spun on a solid collector. Also, when using distilled water as collector liquid, no correlation of the fiber diameter and the filling level of the collector can be observed. The average fiber diameter increases from 600 nm for fibers spun on a metal collector to 900 nm for fibers spun on a liquid reservoir collector, and it remains in this range, no matter how much liquid the collector contains as Figure 1A shows. This increase of fiber diameter of PLA fibers spun on water is also observed by Kim and his co-workers [9] . Using a sodium chloride solution as collector liquid a different behavior of fiber diameter can be observed. It was found, that a nonlinear correlation of fiber diameter and level of filling in the liquid collector exists. When the collector is only filled to a low level, the average fiber diameter increases from 600 nm for fibers spun on a metal collector to around 2 µm for fibers spun on a liquid reservoir collector with a filling level of 1 cm. Unlike in the use of distilled water as collector liquid a further increase of the filling level of sodium chloride solution in the collector leads to a significant change in the diameter of the obtained fibers. The fiber diameter decreases with increasing of the filling level, until it reaches a value of about 1 µm. Then as shown in Figure 1B , similar to experiments employing distilled water, a further increase of the filling level does not affect the fiber diameter in a significant way.
The strong increase of the fiber diameter can be observed with PLA solutions of different concentrations, but the strongest effects occurred when solutions of 2.5 and 3 wt% were utilized. When a solution of 2.5 wt% PLA in DCM is spun on sodium chloride solutions with increasing concentration of salt, no change in the diameter correlation is visible, which is shown in Figure 2 . Considering the nature of the electrospinnig process, the change of the fiber diameter could have its origin in a change in the electrical field which forms the fibers. The collector liquids can interact with the electrical field via their electrical conductivity. To understand the changing behavior of the fiber diameter, the electrical conductivities of the collector liquids were compared with each other in Table 1 .
The electrical conductivities of the sodium chloride solutions differ only in one order of magnitude from each other, while the electrical conductivity of the distilled water is five orders of magnitude smaller. Considering that electrical conductivity is a parameter with large possible differences, this data give a clear hint on how the diameter change could be explained. Distilled water has a very low electrical conductivity, it is an isolator. This explains, the important role of the electrical conductivity of the substrate on the collector electrode, and why there is no great change in the diameter of fibers spun on distilled water, when the filling level of the collector is increased. The electrical conductivities of the sodium chloride solutions are nearly equal, leading to fibers of similar size range. It is commonly known, that PLA-nanofibers usually show a porous structure [5] ; Kim and his co-workers reported special pore morphologies of PLAfibers spun on a methanol collector [9] . The pore morphologies of PLA fibers spun on aq. substrates differed also significantly from the pore morphologies of fibers spun on solid substrates. Figure 3 illustrates this observation. The use of aluminum foil as substrate leads to small very elongated pores in the fibers. Also, the overall fiber diameter is smaller when a solid substrate is used, which is visible in Figure 3A . The use of a liquid substrate leads to more spherical pores and a higher fiber diameter in both examined cases, shown in Figure 3B and Figure 3C . The average size of the pores also increases, when liquid substrates are used as collector. The observed pore sizes in correlation with the utilized collector substrate are given in Table 2 . The formation of pores in PLA-fibers is still controversial. Wendorff et al. [5] postulated that the pores are created by fast phase separation processes in the fiber, while Rabolt et al. [10] also considered the A B C A formation of small water droplets on the fibers due to the fast evaporation of solvent during the fiber formation as an important mechanism for the pore formation. The fiber diameter of electrospun nanofibers tends to increase when a liquid reservoir collector is used in the electrospinning process. To suppress this effect, the electrical conductivity of the polymer solutions was increased by addition of organosoluble benzyl triethyl ammonium chloride (BTEAC). The addition of BTEAC only increases the electrical conductivity, it does not change other crucial parameters of the polymer solution like viscosity and surface tension significantly. The parameters of the utilized polymer solutions are given in Table 3 .
Tab. 3.
Influence of the addition of BTEAC on the properties of PLA solutions. The increase in the electrical conductivity of the polymer solution leads to a significant decrease of the average fiber diameter. Also, the change of the diameter depending on the filling level of the liquid reservoir collector can be nearly completely suppressed, which is illustrated in Figure 4 .
Another feature of a liquid reservoir collector is the possibility to change the electrical conductivity of the collector substrate. To examine the influence of this parameter, a solution of 3 wt% PLA with 2 wt% BTEAC added was spun on distilled water and on a sodium choride solution with a concentration of 5 mol/L. Fibers spun on the sodium chloride solution formed a smooth fiber nonwoven. Figure 5A shows, that the nonwoven lies flat on the surface of the collector liquid, as it was observed in most electrospinning experiments involving a liquid reservoir collector. The use of distilled water as collector liquid leads to a completely different morphology of the nonwovens. In this case, the nonwoven grows in three dimensions in a fluffy, dabber-like structure, whereas the primary growing direction is away from the surface of the collector liquid towards the canula as shown in Figure 5B . The reason for this extremely different shape of fibers spun from the same solution under equal conditions is the strong difference of the electrical conductivity of the collector substrate. Electrospun fibers carry electrical charges due to the process that created them. As they are equally charged, the fibers will repel each other, if they cannot discharge at the collector. Distilled water is an isolator, so the fibers cannot discharge very well and repulse each other. This leads to the observed morphology of the nonwovens and the corresponding structure of the nanofibers. Sodium chloride solution is an electric conductor and therefore able to discharge the fibers very fast.
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In consequence the fibers do not repulse each other, and the common morphology of the nonwovens and fibers is observed. This phenomenon can only be observed when a polymer solution with 2 wt% of BTEAC and thereby of high electric conductivity is used. Polymer solutions with a lower or no amount of BTEAC added do not display such behavior. Such influence of residual charges on the morphology is also observed by Schreuder-Gibson et al. [11] . They observed that strongly charged polar polymers repel each other, when they are not discharged. The charges in polar polymers are only short lived, but they influence the morphology of the fibers during their creation process. When an ionizer is used to discharge the fibers, they did not repel each other any longer.
Conclusions
Electrospinning on a liquid reservoir collector opens new perspectives for nanofibers nonwovens, in particular for substrate free delicate nonwovens. However some new parameters apply. One of these new parameters is the filling level of the collector or in other words the thickness of the substrate, which correlates with the fiber diameter, when a sodium chloride solution is used as liquid substrate. The other new crucial parameter is the electrical conductivity of the collector liquid itself. High electrical conductivity of the collector substrate leads to a new, completely different morphology of both the nonwovens and the fibers they consist from. By utilizing BTEAC to increase the electrical conductivity the negative effect of the increasing fiber diameter during electrospinning on a liquid reservoir collector can be suppressed. This shows, that besides the new parameters most of the known facts in electrospinning keep their validity when a liquid reservoir collector is used.
Experimental part

Materials
PLA [M n = 420000 g/mol, M w = 670000 g/mol, M w /M n = 1.60] was obtained from Boehringer / Ingelheim. BTEAC (Aldrich) and sodium chloride (KMF Laborchemie GmbH) were used as received. Chloroform (BASF) and dichloromethane (BASF) were purified by distillation under reduced pressure before use.
Methods
-Experimental set-up for electrospinning
Solid based collector
Electrospinning of PLA solutions (solvent either chloroform or dichloromethane) was done with the apparatus shown in Figure 6 to produce the reference samples on a metal collector.
Liquid based collector
Electrospinning on a liquid reservoir collector was done with the modified apparatus shown in Figure 7 . The voltage was varied between 15 kV and 20 kV. The diameter of the canula was 0.3 mm, and the feed rate was either 0.51 mL/h or 0.86 mL/h. As liquid in the collector, distilled water and sodium chloride solutions with concentrations of 0.5 mol/L, 2 mol/L and 5 mol/L were used. 
Procedures
The viscosities of PLA solutions were measured with a PK 100 rotation viscosimeter connected to a RV 20 Rotavisco analytic device and a RC 20 Rheocontroller.
(Haake, Karlsruhe, Germany). The obtained data were analysed using the Rheowin (Haake, Karlsruhe, Germany) software.
The electrical conductivity of PLA solutions was measured at 20 °C using a conductometer inoLab Cond Level 3 with either a detector LR325/001 for electrical conductivities between 0 µS/cm to 2 µS/cm, or a detector TetraCon 325 for electrical Surface tensions of PLA solutions were measured with a DCAT 11 tensiometer using a Wilhelmy plate at 20 °C. The obtained data were analysed using the SCAT 12 (Dataphysics) software.
Characterization of PLA fibers was done with a digital optical microscope VHX-100 (Keyence) or with either a CamScan 4 scanning electron microscope operating at 15 kV accelerating voltage or a Hitachi S-4100 scanning electron microscope operating at a accelerating voltage of 3 kV. The average fiber diameter and the average pore size of the fibers were analyzed by means of the ImageJ software.
